The compressive deformation behavior and damage characteristics of ultrafine-grained (UFG) pure titanium produced by equal channel angular pressing (ECAP) and coarse-grained (CG) pure titanium were investigated and compared at temperatures ranging from 77 K (À196 C) to 873 K (600 C). It was found that the compressive stress-strain response and deformation damage morphologies exhibit quite different features for the UFG-Ti and CG-Ti, strongly depending upon the testing temperature. Different from the case of CG-Ti, the stress-strain curve of UFG-Ti exhibits a distinctive stage of strain softening, as the temperature is below recrystallization temperature (e.g. 77 K (À196 C) $ 423 K (150 C)). The yield stress and maximum flow stress of UFG-Ti are contrarily lower than those of CG-Ti, as the temperature is above recrystallization temperature. As compared to CG-Ti, UFG-Ti seems to exhibit more superior high-temperature deformation ability and a comparable lowtemperature deformation capacity. The corresponding microstructural changes after compressive deformation of UFG-Ti and CG-Ti were also examined by TEM observations to interpret their differences in deformation micromechanisms.
Introduction
A great deal of efforts have been invested in understanding mechanical properties of metallic materials with an ultrafinegrained (UFG) structure produced by equal channel angular pressing (ECAP). [1] [2] [3] [4] [5] [6] [7] However, the majority of reported work was performed just at room temperature and few at other temperatures. Recently, Li et al. [8] [9] [10] and Yu et al.
11)
investigated the high-temperature fatigue and compressive deformation behaviors of UFG copper, and found that there is a remarkable temperature dependence of deformation and damage features for the ECAPed copper. Lukas et al. 12) studied the effect of low temperature on fatigue behavior of UFG copper, and reported that the S-N curve of UFG copper is temperature dependent, whereas its cyclic stress-strain curve is temperature insensitive. As one knows, the microstructure of fcc UFG copper produced by ECAP is actually in meta-stable state, and it is easy to change by dynamic recovery and recrystallization under applied loading even at room temperature. [13] [14] [15] Therefore, it is comparatively difficult to determine the definite role of testing temperature playing in the course of elevated-temperature deformation of fcc UFG copper. In fact, the microstructural stability of UFG materials produced by ECAP is related to their crystalline structures. Investigations by Vinogradov et al. 16) have confirmed that hcp UFG commercially pure Ti processed by ECAP exhibited a high thermal stability, and recovery and recrystallization did not take place even as the annealing temperature reached as high as 723 K (450 C). On this account, the UFG-Ti should be an ideal target material for the investigation of temperature-dependent deformation behavior of UFG materials. Even so, the deformation and damage behavior of hcp UFG Ti are never investigated yet at low or high temperatures, except at room temperature. 2, 3, [16] [17] [18] [19] [20] In view of this, UFG Ti prepared by ECAP and its coarsegrained (CG) counterpart were selected in the present work as target materials to examine and compare their compressive deformation and damage behaviors at different temperatures ranging from liquid nitrogen temperature to 873 K (600 C).
Experimental Procedures
The materials used in this experiment are CG-Ti of commercial (99.6% pure) grade and UFG-Ti, the average grain sizes of which are $35 mm and $250 nm, respectively (see Fig. 1 ). The preparation process of UFG-Ti is shortly described as follows: Firstly, the CP-Ti billet having a diameter of 25 mm and length of 100 mm was machined and processed by ECAP using a 90 die. The sample was subjected to 8 ECAP passes with a rotation by 90 about the pressing direction after each pass (route Bc). The strain induced in each pass was about 1. The starting temperature of ECAP process was set at 450 C, and it dropped down to 400 C at the final 8th pass. Afterwards, the billets processed by ECAP were further cold-rolled to a square shape in crosssection with a total rolling strain (i.e. the total reduction in cross-section area) of 73%. The detailed fabrication procedures are the same as the description in Ref. 3) .
The proportion of Length/Width/Height for both UFGand CG-Ti compressive samples is approximately 1 : 1 : 1:5. Prior to the deformation tests, the specimens were electropolished to obtain a strain-free and clean surface for microscopic observations. Uniaxial compression tests were conducted at 77 K (À196 C), 298 K (25 C), 423 K (150 C) and 873 K (600 C) using a CMT5105 testing machine operating at a constant cross-head speed with an initial strain rate of 10 À2 s À1 , respectively. Before the cold or hot compression tests, each specimen was cooled down or heated up to the desired testing temperature and then kept for approximately 10 min to ensure a homogenous temperature distribution through the specimen. All the temperatures were maintained constant with an accuracy of AE1 K (AE1 C). After deformation tests, surface deformation and damage features were examined by using a scanning electron microscope (SEM), and the corresponding deformation microstructures were observed by a transmission electron microscope (TEM). Thin foils for TEM observation were first sliced from the compression specimens by spark-machining parallel to or perpendicular to the loading direction, then mechanically thinned down to about 80 mm in thickness and finally polished by a conventional twin-jet method at ambient temperature. Figure 2 shows the true stress-strain curves at a fixed strain rate of 10 À2 s À1 and at various testing temperatures. Apparently, the overall shape of the compressive stress-strain curve would basically be influenced by the temperature. For example, as the temperature is below recrystallization temperature (e.g. 77 K (À196 C), 298 K (25 C) and 423 K (150 C)), the stress-strain curve of the UFG-Ti is manifested by the emergence of a stage of strain softening, and the higher the temperature, the more remarkable the strain softening becomes. For details, 5.2%, 8.1% and 18.6% decreases in stress are measured within the stage of strain softening, respectively, at 77 K (À196 C), 298 K (25 C) and 423 K (150 C). This implies that the microstructure of the UFG-Ti specimens may undergo a greater change with increasing temperature. Similar phenomenon has been also discovered in the high-temperature compressive deformation of UFG copper, and such softening stage was thought to arise from the occurrence of grain coarsening. 11) For the present UFG-Ti having a higher thermal stability, the observed softening behavior is believed to be the result of the microstructural recovery and probable grain coarsening in the course of deformation. In contrast, for the CG-Ti, with the strain increasing, the flow stress at 77 K (À196 C) and 298 K (25 C) shows a monotonically upward trend in the curve, while a maximum flow stress appears at 423 K (150 C). As the temperature is raised to 873 K (600 C), which is above recrystallization temperature, the stress-strain curve of UFG-Ti enters quickly into a quasi-steady flow state after a short-term rapid hardening stage, almost as is case for the CG-Ti. Here, it is interesting to note that the steady flow stress of UFG-Ti is unexpectedly lower than that of CG-Ti at such a high temperature.
Results and Discussion

Compressive stress-strain response
It is evident from Fig. 2 that the magnitudes of yield stress and maximum stress for each specimen are different, depending upon the testing temperature and initial microstructure. A detailed comparison of these magnitudes is given in Fig. 3 . Generally, the yield stress and maximum stress of both CG and UFG materials decrease with increasing temperature. As the temperature is below recrystallization temperature (namely at 77 K (À196 C), 298 K (25 C) and 423 K (150 C)), the yield stress and maximum stress of UFGTi are higher than those of CG-Ti, but the situation reverses as the temperature is above recrystallization temperature (namely at 873 K (600 C)). This phenomenon can probably be understood as follows: (1) An annealing study of the similar UFG-Ti samples suggested that recovery/recrystallization may occur at around 673 K (400 C) (lower than the conventional recrystallization temperature of $800 K of titanium) with a significant microhardness drop.
3) So, it can be assumed that the testing temperature of 873 K (600 C) might be close to or even higher than the equicohesive temperature (ECT, at ECT the strength of GB is exactly equal to that of grain) of titanium at the fixed strain rate of 10 À2 s À1 , although the conventional equicohensive temperature of pure titanium is understood to be around 999 K (726 C), a half of its absolute temperature of 1998 K (1725 C). Above ECT, the strength of UFG materials is, on the contrary, lower than that of CG counterpart due to much stronger tendency for grain boundary sliding. 21) (2) In fact, for the UFG-Ti with the non-equilibrium heavily distorted boundaries, the dynamic diffusion process within grain boundaries (or dislocation cell boundaries/walls) would become extremely intensive under the help of driving force of high temperature. In this case, creep deformation, especially Coble-type one, 21) for which grain-boundary diffusion predominates, takes place more seriously in UFG-Ti rather than CG-Ti, resulting in the anomalous phenomenon that the yield stress and maximum stress of UFG Ti are contrarily lower than those of CG-Ti at 873 K (600 C). In addition, it is worth noting from Fig. 3 that the low temperature, i.e., 77 K (À196 C) has nearly no effect on the yield stress of CG-Ti, and even UFG-Ti, as compared to the case of room temperature. Figure 4 presents the essential surface deformation and damage features of UFG-Ti and CG-Ti at different temperatures with the fixed strain rate of 10 À2 s À1 . At the lowest temperature of 77 K (À196 C), no serious deformation damage is found for either CG-or UFG-Ti, as shown in Figs. 4(a) and (e), and both of them exhibit a superior lowtemperature deformation ability. However, the plastic strains were accommodated mainly by the coordinated deformation of grains for CG-Ti (Fig. 4(a) ) instead of by the formation of fine shear lines (SLs) for UFG-Ti (Fig. 4(e) ). Similar deformation features were also presented for both materials at room temperature, as indicated in Figs. 4(b) and (f). It is thus worth mentioning that no low-temperature brittleness emerges even for UFG-Ti (Fig. 4(e) ). When temperature is up to 423 K (150 C), for CG-Ti, a large number of shear bands (SBs) appear on the specimen surface, and apparent shear cracks form along SBs, with the maximum open distance of shear cracks being about 30 mm (Fig. 4(c) ). In addition, the shear steps can be clearly found at the corner of the specimen, implying a more aggravated plastic deformation and damage phenomenon, as indicated by the arrow in Fig. 4(c) . Such a brittle cracking behavior of commercially pure CG-Ti is similar to the ''blue-brittleness'' phenomenon resulting from dynamic strain aging, which was often observed in some steels at a certain temperature. 22) In contrast, at this temperature, the brittle cracking does not occur in UFG-Ti, and only some non-propagation voids appear on the specimen surface, and the SLs tend to vanish (Fig. 4(g) ). As the temperature increases to 873 K (600 C) (above recrystallization temperature), only extrusions and intrusions are observable on the deformed surface of CG-and UFG-Ti, as shown in Figs. 4(d) and (h) , since the capacities of the grain co-deformation and the dislocation slip deformation in grains were greatly enhanced in this case. In particular, the co-deformation of a large number of grains takes place more remarkably in UFG-Ti than in CG-Ti. That is also why the flow stress of UFG-Ti is lower than that of CG-Ti at this high temperature. To sum up, the plastic deformation and damage characteristics of both CG-Ti and UFG-Ti depend upon the testing temperature, but exhibit some differences at comparative temperatures.
Surface deformation and damage features
Microstructure characteristics
TEM observations demonstrate that after being compressed at different temperatures the CG-and UFG-Ti samples undergo different structural changes, as shown in Fig. 5 . For example, at the lowest temperature of 77 K (À196 C), a certain number of deformation twins are clearly observed in the localized area of compressed CG-Ti (Fig. 5(a) ), while for the compressed UFG-Ti, the microstructure still keeps UFG state and no noticeable grain coarsening occurs (Fig. 5(e) ). At room temperature, single dislocations, dislocation loops and dislocation tangles are observable in compressed CG-Ti (Fig. 5(b) ). In this case, slight grain coarsening is detected in compressed UFG-Ti, as show in Fig. 5(f) , and the maximum grain size can now reach $700 nm. Most of grains still remain ultrafine. Appreciably, when temperature is raised up to 423 K (150 C), the microstructure of compressed CG-Ti has undergone a great change. Many deformation twins are formed and high density of dislocations are found to embed in those twins, as seen in Fig. 5(c) . This observation seems able to account well for the corresponding brittle cracking phenomenon indicated in Fig. 4(c) . For compressed UFG-Ti, only further grain coarsening is recognized at 423 K (150 C) (Fig. 5(g) ). As the deformation temperature (i.e. 873 K (600 C)) is above recrystallization temperature, more significant grain coarsening are found on the whole for the compressed UFG-Ti sample, and the maximum grain size available for the coarsened grain in this case is larger than 2 mm. Moreover, a network with interlaced dislocation is formed in some coarsened grains (Fig. 5(h) ). At this high temperature, no deformation twins are found in compressed CG-Ti, and dislocation slips in the grain interior should govern the plastic deformation of the material, as presented in Fig. 5(d) . Obviously, such temperature-dependent microstructure changes of CG-Ti and UFG-Ti are exactly consistent with the compressive deformation and damage features as detected in Fig. 4 .
Conclusions
Based on the experimental results and discussions, the following conclusions are made:
(1) In contrast to the case of CG-Ti, the compressive stress-strain curve of UFG-Ti exhibits a clear stage of strain softening, as the temperature is below recrystallization temperature (e.g. 77 K (À196 C), 298 K (25 C) and 423 K (150 C)). The higher the temperature, the more remarkable the strain softening becomes. As the deformation temperature is above recrystallization, i.e., at 873 K (600 C), the stressstrain curves of UFG-Ti and CG-Ti exhibit a similar characteristic, i.e., a short-term rapid hardening stage followed by a quasi-steady flow state.
(2) The yield stress and maximum stress of both CG and UFG materials decrease with increasing temperature. As the deformation temperature is below recrystallization temperature, the yield stress and maximum flow stress of UFG-Ti are normally higher than those of CG-Ti. However, as the temperature is above recrystallization temperature, the situation becomes opposite. This is probably because grain boundary sliding and Coble-type creep deformation takes place more readily in UFG-Ti rather than CG-Ti.
The compressive deformation damage features of CGand UFG-Ti exhibit, more or less, differences at different temperatures. No low-temperature brittleness emerges even in UFG-Ti. As compared to CG-Ti, UFG-Ti seems to exhibit more superior high-temperature deformation ability. The corresponding microstructural changes after compressive deformation of CG-and UFG-Ti are also closely dependent upon the testing temperature and the grain size. 
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